E ach year, millions of patients are admitted to an intensive care unit (ICU) worldwide. 1 Because of medical advances, more patients are surviving critical illness. 2, 3 In the United States, admission of patients for mechanical ventilation accounts for 12% of all hospital costs, or $27.0 billion annually. 4 Moreover, the number of patients requiring prolonged (Ͼ4 days) mechanical ventilation in the ICU is increasing at 5.1% per year, outpacing the 1.2% annual growth in hospitalizations. 5 Because of aging baby boomers, the need for mechanical ventilation by the year 2026 is projected to be 80% greater than that in the year 2000. 6 Critical care survival comes at important costs to patients in terms of impaired physical function and quality of life and to society in terms of ongoing health care utilization and lost productivity. 7, 8 In a landmark prospective observational study of survivors of acute respiratory distress syndrome, 51% and 23% had not returned to work at 1 and 5 years, respectively. 9,10 Survivors' mean self-reported quality-of-life scores on the Medical Outcomes Study 36-Item Short-Form Health Survey (SF-36) Physical Component Summary remained below age-and sex-matched population norms throughout the 5-year follow-up, 10 representing poorer self-perception of physical health status. In addition, as a performance-based measure of physical function, survivors' 6-minute walk test results at 1 and 5 years were 66% and 76% of predicted results, respectively, 9 despite normal or nearly normal pulmonary function. 10 Muscle weakness acquired in the ICU contributes to impaired physical function 9, 10 and is a common and major long-term complication in patients with critical illness. Intensive care unit-acquired weakness is a specific term describing diffuse, symmetrical, generalized muscle weakness that develops after the onset of critical illness without other identifiable causes. 11 A systematic review of 24 studies of 1,424 patients with sepsis, multiorgan failure, or prolonged mechanical ventilation demonstrated that 57% had electrophysiological evidence of neuromuscular abnormalities (critical illness neuromyopathy) and muscle weakness. 12 Intensive care unit-acquired weakness and critical illness neuromyopathy are associated with increased mortality, length of stay, duration of mechanical ventilation, and hospital costs and can persist for up to 4 years after ICU discharge. [13] [14] [15] [16] [17] [18] These neuromuscular issues represent important rehabilitation opportunities to help survivors of critical illness improve their functional status and return to their prior roles in society.
Emerging evidence is demonstrating that early rehabilitation in the ICU improves short-term patient outcomes. 19, 20 However, not all patients in the ICU can participate in physical activity because of sedation, impaired cognition, or insufficient physiological reserve. 19 One potential rehabilitation intervention for such patients is neuromuscular electrical stimulation (NMES), which is nonvolitional and can be administered without causing cardiopulmonary instability while a patient remains in bed. 21, 22 In 2011, the World Health Organization defined rehabilitation as "a set of measures that assist individuals who experience, or are likely to experience, disability to achieve and maintain optimal functioning in interaction with their environments." 23(p93) Furthermore, the World Health Organization clarified the time frame of rehabilitation as follows: "Typically rehabilitation occurs for a specific period of time . . . and can be needed from the acute or initial phase immediately following recognition of a health condition. . . ." 23(p93) This definition of rehabilitation is particularly relevant for patients with critical illness because of their high likelihood of experiencing disability and because it clarifies that "rehabilitation" can begin when critical illness is first recognized.
The objectives of this article are to discuss the implications of bed rest for patients with critical illness, summarize recent key studies of early rehabilitation and NMES in patients receiving mechanical ventilation, and describe a protocol for a blinded, randomized, shamcontrolled, phase II trial of NMES in patients receiving mechanical ventilation in an ICU.
Implications of Bed Rest for Patients With Critical Illness-An Urgent Need for Attention to the Muscular System
Common clinical practice for patients with critical illness includes bed rest and deep sedation 24 to potentially assist with the delivery of interventions for organ failure (eg, mechanical ventilation, vasopressors, and hemodialysis); relatively less attention is directed to the muscular system. 25 bed rest in people who were healthy, muscle volumes in the calf and thigh, measured by magnetic resonance imaging, decreased by 2% and 3% from the baseline, respectively 28 ; by the follow-up at 17 weeks, the total decreases were 30% and 16% to 18%, respectively. 27 Overall lean body mass decreased 4% after 17 weeks, with a 12% decrease in the lower extremity. 27 Lowerextremity muscle strength, measured by isokinetic dynamometry, decreased in the ankle dorsiflexor, ankle plantar-flexor, and knee extensor muscles by 9%, 17%, and 30%, respectively, after 16 weeks of bed rest; half of the loss of strength in the ankle dorsiflexor and knee extensor muscles occurred during the first week of bed rest (Fig. 1) . 27 Complications of bed rest in patients with critical illness include systemic inflammation, atelectasis, metabolic and microvascular dysfunction, joint contractures, skin ulcers, and muscle weakness. 29 During bed rest, patients do not receive the beneficial effects of exercise, which reduces systemic inflammation through the release of cytokines (eg, interleukin 6). 30 In patients with critical illness and on bed rest, there is important physiological evidence of muscle changes that precede clinical recognition. 31, 32 The loss of lean body mass in patients with critical illness is approximately 1% per day, or 7% per week, in studies with a duration of 3 weeks. 33, 34 Electromyographic findings of muscle dysfunction can occur within a few days; evidence of structural changes (eg, mildly disturbed muscle fiber structure) can be demonstrated by muscle biopsy at 2 weeks. 35 In patients with critical illness, who frequently are on bed rest, strategies for addressing the muscular system early may be important for counteracting these muscular impairments.
Early Rehabilitation in the Critical Care Setting
Clinical research evaluating the feasibility, safety, and efficacy of early rehabilitation in patients receiving mechanical ventilation in the ICU presents exciting opportunities for rehabilitation clinicians and researchers. Key features of 6 recent studies in this area are shown in Table 1 . Four unique nonrandomized studies 36 -41 conducted in medical [37] [38] [39] 41 and respiratory 36, 40 ICUs evaluated various approaches for delivering early rehabilitation. A large case series in a respiratory ICU illustrated that with early rehabilitation, 69% of 85 survivors of critical illness could ambulate more than 30 m (100 ft) by ICU discharge. 36 In a separate study, the odds ratio for ambulation was 2.5 (95% confidence intervalϭ1.7-3.5) after transfer of patients requiring mechanical ventilation from a traditional ICU to a Changes in lower-extremity muscle strength over time with bed rest in people who were healthy. 27 NMES for ICU-Acquired Weakness Phase II Randomized Trial respiratory ICU, where early mobility was a priority. 40 In a nonrandomized controlled trial in a medical ICU setting, 80% of 145 patients received early physical therapist management in the ICU through a protocol-driven, automatic physician order for a multidisciplinary early mobility team (including a physical therapist, nurse, and nursing assistant), whereas 47% of the patients received usual care (PϽ.001). 37 A before-after quality improvement project showed that across all admissions to a medical ICU during this project (nϭ314) versus the prior year (nϭ262), interdisciplinary implementation of early rehabilitation was associated with approximately 2-to 4-fold increases in the numbers of physical therapist and occupational therapist consultations and treatments (PՅ.04) and an approximately 5-fold increase in the average number of treatments per patient day. 38, 39 Moreover, in 57 patients receiving mechanical ventilation during this project, rehabilitation treatments during the quality improvement period more often achieved a functional mobility level of sitting or greater than did those during the control period (78% versus 56%) (Pϭ.03).
Two randomized controlled trials (RCTs) of early rehabilitation strategies in patients receiving mechanical ventilation in an ICU provided the most rigorous efficacy evidence to date. 19, 20 First, in a study of 90 patients, those randomized to use a bedside cycle ergometer as well as to receive standard physical therapist management were able to walk significantly further in the 6-minute walk test at hospital discharge than those receiving standard physical therapist management alone (PϽ.05). 19 Second, in a study of 104 patients, more patients randomized to receive early physical therapist and occupational therapist management while mechanically ventilated at 2 participating medical ICUs achieved functional independence at hospital discharge (as assessed by therapists blinded to treatment allocation) than those randomized to receive standard care (Pϭ.02). 20 The strengths of these early rehabilitation studies included the authors' reporting of prospective evaluations, 19,20,36 -40,42 randomization, 19, 20 and blinded outcome assessments. 20 However, these 6 unique studies measured different primary outcomes, limiting our ability to pool results across studies. Moreover, not all patients with critical illness can actively participate in early rehabilitation because of several factors, including sedation and cognitive impairment. 41, [43] [44] [45] [46] Additional ways to offer such patients some form of physical activity are needed. Neuromuscular electrical stimulation is a promising modality for addressing this gap.
Use of NMES for Patients With Critical Illness
Neuromuscular electrical stimulation is used commonly in outpatient and inpatient rehabilitation settings to preserve or improve muscle mass, strength, and function. Its potential is most promising for immobilized, impaired muscles. 21, 47 An early study of 1 hour of daily NMES titrated to visible contraction in volunteers who were healthy and immobilized demonstrated preserved leg muscle mass. 48 Six unique ICU trials 22, 49 -55 in patients with acute respiratory failure 22, 49 -52,55 and sepsis 53, 54 and a trial in patients receiving chronic mechanical ventilation 56 demonstrated mixed, but promising, results for the potential efficacy of NMES in patients receiving mechanical ventilation in the ICU. Table 2 summarizes key features of these NMES studies.
Neuromuscular electrical stimulation improved muscle strength and physical function in an RCT of patients who had chronic obstructive pulmonary disease, were bed bound, and were receiving chronic ventilation. 56 Patients randomized to receive NMES and active limb mobilization had better strength scores (Pϭ.02) and were able to transfer from bed to chair earlier (Pϭ.001) than those receiving active limb mobilization alone. 56 In patients with acute respiratory failure, lowerextremity NMES attenuated decreases in quadriceps muscle cross-sectional area 55 and thigh circumference 22 and reduced muscle catabolism. 49 Some evidence of distal effects of lower-extremity NMES on thenar microcirculation also was seen; the hypothesized mechanisms were the local production of cytokines at the site of NMES stimulation and the systemic circulation of these cytokines to increase systemic microcirculation. 51 However, in a heterogeneous group of patients receiving short-term (ICU stay of Ͻ7 days) and long-term (ICU stay of Ͼ14 days) mechanical ventilation, researchers identified no effect of NMES on quadriceps muscle layer thickness in an analysis of all patients combined, 52 but the subgroup of patients receiving long-term ventilation and NMES treatment had a significant increase in quadriceps muscle layer thickness compared with patients receiving sham treatment (Pϭ.013). Finally, in an RCT evaluating NMES versus standard care with nonblinded outcome assessments in 52 patients, those randomized to receive NMES had a lower incidence of ICU-acquired weakness at awakening (13%) than those receiving standard care (39%) (Pϭ.04). 55 In 2 small studies of patients with sepsis, the effects of NMES were varied, with researchers studying different doses and outcome measures. 53, 54 In an RCT of 8 patients NMES for ICU-Acquired Weakness Phase II Randomized Trial Because there was no primary outcome measure in the studies of Needham and colleagues, 38, 39 the results shown were from secondary outcome measures. 
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with sepsis and receiving mechanical ventilation, patients received 7 days of NMES applied to the quadriceps muscle starting within 72 hours of the diagnosis of sepsis. Each patient randomly received NMES on one leg and no NMES on the contralateral leg. After 7 days, there was no difference in the rate of decrease in quadriceps muscle volume measured by computed tomography between the NMES and control groups (Pϭ.12). 53 Conversely, in an RCT of 16 patients with sepsis and receiving mechanical ventilation, NMES was randomly assigned to one side of the body for treating both the quadriceps and the biceps muscles. At awakening, both the quadriceps and the biceps muscles randomized to the NMES group had increased strength compared with muscles randomized to the control group (for quadriceps muscle, Pϭ.025; for biceps muscle, Pϭ.014), as assessed by physical therapists blinded to randomization. 54 The NMES studies included heterogeneous NMES settings, doses (ie, duration of NMES therapy), target muscles, and outcomes, precluding quantitative pooling of study results. None of these studies assessed the effects of NMES beyond the time of awakening in the ICU or measured patient-centered outcomes such as activity (execution of tasks or actions, such as functional outcomes) or participation (involvement in a life situation, such as return to societal role). 57 Thus, there is a need for further, rigorous study of NMES for patients receiving mechanical ventilation in an ICU, with the ultimate goal of determining the efficacy of NMES in a longterm evaluation of patient-centered outcomes. To help evaluate the potential efficacy of NMES, we planned a phase II study with follow-up at hospital discharge. Because a primary outcome measure was not specified in the study of Bouletreau et al, 49 the results shown were from secondary outcome measures.
c ALM also was used.
Method
We designed a randomized phase II study to determine the appropriateness and feasibility of a future phase III RCT to evaluate the efficacy of early NMES for improving patientcentered outcomes in patients receiving mechanical ventilation in the ICU. Because of the tremendous costs of multicenter phase III RCTs, 58 randomized pilot trials play an important role in the development and evaluation of research ideas before phase III trials are conducted (eg, National Institutes of Health R34 grants and Canadian Institutes of Health Research RCT competition). Pilot RCTs inform the design and conduct of larger RCTs by assessing feasibility, examining eligibility criteria, and/or assessing potential mechanisms of an intervention. 59 In our randomized phase II study, we will examine the feasibility of implementing our research protocol, assess the appropriateness of our eligibility criteria, and determine the effects of NMES on strength (a measure of body structure and function, in accordance with the International Classification of Functioning, Disability and Health, 57 and a potential surrogate outcome for patient-centered outcomes, such as activity or function). Here we described our pilot trial protocol, in accordance with Consolidated Standards of Reporting Trials (CONSORT) standards. 60 Our hypothesis is that 60 minutes of daily NMES (versus a sham [control] intervention) applied to 3 bilateral lower-extremity muscle groups will increase lower-extremity muscle strength at hospital discharge in patients receiving mechanical ventilation in the ICU. Figure 2 shows our trial schema. The study will be a single-blind, shamcontrolled, randomized trial.
Design Overview
Setting and Participants
The setting will be an ICU at Johns Hopkins University. The participants will be adults (Ͼ18 years of age) receiving mechanical ventilation for 1 day and expected to require an additional 2 days or more in the ICU. Appendix 1 outlines the trial eligibility criteria.
Randomization and Interventions
Because mechanical ventilation is a requirement for eligibility, the participants frequently will be delirious and incapable of consent. 61, 62 In such cases, we will obtain consent from surrogates making decisions for eligible patients. As the participants recover, they will be evaluated for the capacity to provide consent to continue in the study. After consent is obtained, we will randomize the participants in a 1:1 ratio to 60 minutes of daily NMES versus a sham intervention for the duration of their ICU stay (up to a maximum of 28 days of intervention), which corresponds to the time period during which bed rest is most likely. We will use sequentially numbered, opaque, sealed envelopes to maintain randomization allocation concealment in accordance with existing standards 63 ; thus, those obtaining consent will be unaware of the allocation assignment at the time of consent.
NMES. We will use 3 identical, dual-channel NMES machines (CareStim, Care Rehab Products, McLean, Virginia) to apply therapy bilaterally to 3 muscle groups (quadriceps, tibialis anterior, and gastrocnemius) for 60 minutes daily. We chose these muscles because they are most vulnerable to weakness after bed rest in people who are healthy 27 and are easily accessible in people in the supine position. We will use the following NMES settings for all muscles: pulsed-current, biphasic, asymmetrical, balanced rectangular waveform; ramp-up time of 2 seconds; ramp-down time of less than 1 second; and frequency (pulse NMES for ICU-Acquired Weakness Phase II Randomized Trial rate) of 50 Hz. For the quadriceps muscle, we will use a pulse duration of 400 microseconds, an "on" time of 5 seconds, and an "off" time of 10 seconds. For the tibialis anterior and gastrocnemius muscles, we will use a pulse duration of 250 microseconds, an on time of 5 seconds, and an off time of 5 seconds; we derived these settings from outpatient rehabilitation care standards and studies available at the time of our study design. 56, 64, 65 We will apply surface reusable gel electrodes (ϳ5 ϫ 10 cm [2 ϫ 4 in] oval for quadriceps and gastrocnemius muscles; ϳ5 ϫ 5 cm [2 ϫ 2 in] square for tibialis anterior muscle) at standardized electrode placements, modified to avoid interference with heart monitors. 66 At the start of each treatment, we will titrate the NMES amplitude to achieve visible contraction of the muscle without causing pain. Pain will be assessed before the NMES/ sham session as a baseline evaluation and repeated 5 minutes later using the Behavioral Pain Rating Scale (for sedated patients) 67 or numerical rating scale (if awake). 68 We chose a longer pulse duration for the quadriceps muscle because of increased muscle bulk, as in earlier studies. 56, 64, 65 Electrical stimulation will occur simultaneously in all muscles, except that stimulation of the tibialis anterior muscle will alternate with stimulation of the gastrocnemius muscle to simulate physiologic contractions and optimize comfort.
Sham intervention.
For the sham intervention, electrodes will be applied and all conditions will be similar to those in the NMES intervention, except that the amplitude will be set to 0 mA so that no muscle stimulation occurs.
Only staff who administer the NMES and sham sessions will know each participant's randomized allocation. All ICU clinical staff providing care (eg, nurses, physicians, and physical therapists) and the research staff performing the outcome assessments will be unaware of the allocation. When administering the sessions, we will draw each participant's bedside curtain while we prepare the NMES machines, and we will cover the participant's legs with a bed sheet so that ICU clinical staff, patients, and family members cannot see the machines or muscle contractions. Although participants will not be informed of their randomized allocation, they may feel the stimulation and contractions with NMES (versus with the sham intervention) and, therefore, may be aware of the allocation. To address this situation, we will instruct the participants not to discuss their perception regarding treatment allocation with outcome assessors or ICU clinical staff. The staff applying NMES will use generic, standardized language to describe each session (eg, calling the intervention a "research session" without reference to NMES or sham). To evaluate blinding, we will ask the participants and outcome assessors to provide their "best guess" regarding treatment allocation (NMES versus sham) at hospital discharge and after each outcome assessment, respectively.
Outcomes and Follow-up
Our primary outcome will be lowerextremity muscle strength at hospital discharge. This outcome (rangeϭ0 -30) will be the sum of the strength scores (rangeϭ0 -5) for each of 3 bilateral muscle groups (quadriceps, tibialis anterior, and gastrocnemius) assessed by manual muscle testing. 69 We chose the American Spinal Injury Association system to test muscle strength because it is a standardized method for evaluating strength while a person is supine, permitting assessments to be readily standardized and feasible throughout a person's hospital stay, including upon awakening while still critically ill in the ICU. 70 Table 3 outlines our secondary outcomes, which include hand grip, maximum inspiratory pressure, 71 and assessment of functional status. 41 Appendix 2 outlines our feasibility objectives. Outcomes will be evaluated by trained research staff (blinded to treatment allocation) at 3 time points: immediately after the participant is alert and can follow simple commands, at ICU discharge, and at hospital discharge (Fig. 2) . If a participant is readmitted to the ICU during the index hospitalization, we will restart NMES or sham treatment (in accordance with the original randomization) and repeat all assessments at awakening and ICU discharge. Participants will receive routine physical therapy interventions during their entire ICU stay and hospital stay.
Sample Size and Data Analysis
On the basis of previous analyses of data from similar patients at our study site, we anticipate a control group total muscle strength score of 21.3 (SDϭ6.8) points out of a maximum of 30 points (3 bilateral muscle groups rated on a scale from 0 [no muscle contraction] to 5 [muscle contraction against a normal amount of resistance]). 70 On the basis of strength gains of 24% to 31% in earlier trials of NMES, 56, 65 we believe that a 25% increase in strength (ie, a 5.3-point increase in the total score) is feasible and clinically important. Therefore, at a power of 80% and an alpha value of 5%, we will need 27 survivors per group (for a total of 54). This sample size is larger than those used in earlier trials of NMES for chronic obstructive pulmonary disease or congestive heart failure (sample sizes of 14 -42), which yielded a positive effect of NMES. 56, 64, 65, 72, 73 Assuming a 34% hospital mortality and an 80% consent rate (based on earlier data from similar patients at our study site), we anticipate needing to identify 103 eli-NMES for ICU-Acquired Weakness Phase II Randomized Trial gible patients in the ICU to enroll 82 participants to obtain the goal sample size of 54 survivors with complete outcome assessments at hospital discharge. We will use the intention-totreat principle for all statistical analyses. 74 No early stopping will be considered, and no interim analysis will occur in this small pilot trial.
For all continuous variables, we will compare the 2 randomized groups by using the Student t test if the data are normally distributed or the MannWhitney U test if the data are not normally distributed. For binary variables, we will use the chi-square test for nonparametric data and the Fisher exact test as needed. If important confounders are unequally distributed between the groups during randomization, we will adjust for important imbalances in confounders by using multiple linear and logistic regression analyses for continuous and binary outcomes, respectively. If one or more of our feasibility objectives are not met, we may revise our protocol to ensure the success of a future phase III trial. 59 CareStim NMES machines for use during the study. The CIHR, the NIH, and Care Rehab Products had no role in the design, conduct, or planned statistical analysis of the study and had no influence on the analysis, interpretation, or decision to submit the study for publication.
Role of the Funding Source
Discussion
If NMES is successful, then our protocol will be an important contribution to reducing the burden of weakness and physical disability in survivors of critical illness and addressing a significant public health issue. Our study will advance this research agenda by examining the effects of NMES on muscle strength at hospital discharge, but there is still a need for future research examining patient-centered outcomes at hospital discharge and at long-term followup. The strengths of our phase II randomized trial include rigorous design (randomized, concealed allocation, with caregivers and outcome assessors blinded to allocation, and intention-to-treat analysis) and measurement of the primary outcome at hospital discharge. We will minimize potential differences between groups during the study by using specific measures to ensure that caregivers are unaware of the allocation (drawing the participant's bedside curtain at the start of the research session and covering the participant's legs with a sheet) to protect against differences in cointerventions (participants in treatment groups receiving care other than the intervention under study). 74 We will use blinded outcome assessments to protect against bias. 74 By conducting an intention-to-treat anal- 
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ysis, we will analyze all participants in the arm to which they are randomized, regardless of whether they receive the randomly allocated intervention. 74 We will collect secondary outcome data based on patientcentered functional assessments (Tab. 3) and will determine the feasibility of implementing and coordinating a complex research protocol during our phase II study (Appendix 2).
Our study has potential limitations. First, our primary outcome measure, muscle strength, is not a patientcentered outcome. However, as this field emerges, some signal of efficacy at the level of body structure and function is needed before larger studies powered on patient-centered outcomes can be pursued. The proposed sample size will detect a difference in lower-extremity muscle strength of 25%, which translates to an average increase in the average score of approximately 1 point (ie, from 3 to 4) for our ordinal measure of strength for each of the 6 lowerextremity muscles examined. There is no research validating the minimal important difference for this measure. Although this 25% difference is substantial, we believe that a smaller difference may translate into little meaningful functional benefit for patients. Moreover, we will be evaluating secondary outcome measures to help determine the functional effect of NMES, as measured with the Functional Status Scale for the ICU. 41 This is an important advance because a patient's muscle strength may improve, but this improvement may not be reflected in functional status, which is a more important outcome for patients.
The second limitation is that our assessments will not include laboratory, genetic, or histological measures aimed at a mechanistic understanding of how NMES may affect proposed outcomes. We specifically chose multiple measures of strength and important clinical and functional outcomes to demonstrate clinically relevant effects of NMES on patients. Mechanistic measures (eg, muscle size, protein breakdown, and microcirculation effects) have been evaluated in other studies of NMES in patients with critical illness and support its use. 49 -51 The third limitation is that the optimal duration or dose of NMES is unclear. However, the duration or dose is based on the positive effect of NMES in earlier trials conducted with various groups of patients, including patients receiving mechanical ventilation.
Our study will advance the paradigm of early rehabilitation in patients with critical illness by providing an intervention, NMES, specifically aimed at the muscular system. There is a gap in current research on the effects of NMES in patients receiving mechanical ventilation because no published NMES studies examined outcomes beyond awakening in the ICU (Tab. 2). Our protocol builds on previous research on NMES in patients with critical illness by ensuring that both caregivers and outcome assessors are unaware of the treatment allocation, measuring outcomes at 2 time points beyond awakening in the ICU, and collecting secondary outcome data on patientcentered outcomes. We carefully designed the trial to minimize bias. Our study will contribute short-term longitudinal data characterizing the physical recovery of patients with critical illness in a hospital setting. As the field of critical care rehabilitation evolves, more research on the measurement properties (eg, reliability and responsiveness) of outcome measures will be needed. Data on patient-centered outcomes measured during our phase II study will contribute to the expansion of outcome measures for patients recovering from critical illness.
We suggest that clinicians working at the bedside cautiously interpret the eventual results of our phase II trial for patient care purposes. As with all pilot trials, the results of our trial will be valuable for informing the potential design and conduct of a larger RCT. 59 The purpose of our trial is to determine the effects of NMES on muscle strength, measured by manual muscle testing, a potential surrogate outcome. Surrogate outcomes are valuable if they can be validated to substitute for direct measures of patient-centered outcomes focused on patients' feelings, function, or survival. 74 Such validation
has not yet occurred for manual muscle testing in survivors of critical illness. In emerging areas of research, validated surrogate outcomes are helpful because they can establish the potential benefit of an intervention with a smaller sample size and shorter duration of follow-up. 74 However, proposed surrogate outcomes may not have a relationship to patient-centered outcomes. For example, researchers found no relationship between lumbar range of motion and a measure of disability, the Oswestry Disability Index, in patients with chronic low back pain. 75 Thus, there is a need for clinical trial evidence supporting the use of NMES for patient-centered outcomes related to activity and participation. 57 In conclusion, as the demand for mechanical ventilation increases with the aging population and as ICU mortality declines, there will be a growing number of survivors at risk of developing ICU-acquired weakness. Consequently, novel therapeutic interventions directed at the muscular system during critical illness are needed. Although the use of NMES is common in outpatient and inpatient rehabilitation settings, its early use to preserve muscle strength or attenuate decreases in muscle strength in the critical care setting is novel. Early interventions directed at NMES for ICU-Acquired Weakness Phase II Randomized Trial the muscular system in patients with critical illness may have an important impact on short-and long-term outcomes. If our phase II trial demonstrates a positive effect of NMES on our primary outcome, muscle strength, then a multicenter randomized trial to evaluate the efficacy of NMES for patient-centered outcomes may be warranted. If our phase II trial demonstrates a negative effect or no effect of NMES on our primary outcome, we must carefully examine our secondary outcomes to interpret the results and the associated hypothesis-generating implications for future study. Additional research examining the optimal frequency, dose, and duration of NMES and evaluating patient-centered outcomes beyond hospital discharge is needed to further advance this field of study. 
